To evaluate the effect of structural change on the digestibility of sarcoplasmic proteins in Nanjing dry-cured duck during processing, carbonyl content, sulfhydryl (SH) group, disulfide (S-S) group, surface hydrophobicity, particle size, secondary structures, and in vitro digestibility were determined. During processing, carbonyl content increased; SH groups turned into S-S groups; α-helix turned into β-sheet. From marinating to early dry-ripening stage, surface hydrophobicity increased but particle size decreased, whereas these had opposite tendencies at the late dryripening stage. The in vitro digestibility of pepsin decreased at drying-curing and drying-ripening stages, whereas the one of pancreatic proteases kept stable until late drying-ripening stage. We concluded that salting, drying, and protein oxidation caused the denaturation and aggregation during processing. The oxidation and aggregation of sarcoplasmic proteins of Nanjing dry-cured duck resulted in a loss of nutritional quality during drying-ripening stage.
INTRODUCTION
Processed poultry meat is an important source to supply energy and essential amino acids for human. It meets the increasing demand of consumers because it is authentic, tasty, rich in protein, and low in cholesterol content. However, according to recent evaluation by the International Agency for Research on Cancer (IARC), the intake of processed meat increases the risk of colorectal cancer (Lippi et al., 2016) . Digestion by proteases in the digestive tract and small intestine may be an explanation of the risk, because the accumulation of non-hydrolyzed or partially hydrolyzed proteins in large intestine could cause colon cancer (Sante-Lhoutellier et al., 2007) . On the other hand, the nutritional value of dietary proteins is related to their bioavailability, which is determined by absorption and digestion in the upper gastrointestinal tract (Lee et al., 2016) . Bax et al. (2013) reported that the digestibility of protein fractions was a crucial criterion for evaluating the quality of protein sources. Therefore, it is plausible to consider that the digestion of processed poultry meat is important to be studied further.
The decrease of antioxidant defense and the production of free radical have been reported to lead an C 2018 Poultry Science Association Inc. Received April 19, 2018. Accepted July 2, 2018. 1 Corresponding author: caojinxuan@nbu.edu.cn accumulation of oxidative damage in proteins during the processing of red meat (Rowe et al., 2004a) . Protein oxidation leads to the formation of intraand intermolecular cross-links (Fu et al., 2017) , thus resulting in a decreased digestibility (Gatellier and Santé-Lhoutellier, 2009 ). Recently, it has been demonstrated that the physicochemical changes and the oxidative modifications of myofibrillar and sarcoplasmic proteins could induce protein aggregation during processing of Cantonese sausage (Sun et al., 2011a, c) . Previous studies indicated that the aggregation, hydrophobic change, and carbonization of proteins were likely to induce the loss of digestibility in pork (Sante-Lhoutellier et al., 2007) and lamb (VeRonique et al., 2008) . However, the changes of structure and digestibility of proteins in dry-cured poultry products during processing are poorly documented.
Nanjing dry-cured duck is a traditionally processed poultry product in China and well accepted in Southeast Asia (Xu et al., 2008) . Its procedures contain dry-curing, marinating, piling and drying-ripening, which could affect the physicochemical state and structure of proteins (Lorenzo et al., 2013) . It was generally known that inherent structure influences digestibility, nutritive value, and quality of protein. (Yu, 2005) . In spite of the increasing demand for processed duck products day by day, relevant information on protein digestibility of Nanjing dry-cured duck during processing has not been well documented up until now. Sarcoplasmic proteins play an important role in 4450 the processing of poultry meat (Mudalal et al., 2014) . Herein, the objective of this work was to evaluate carbonyl content, S-S and SH group levels, surface hydrophobicity, particle size, and secondary structure of sarcoplasmic proteins during the processing of Nanjing dry-cured duck. Moreover, the relationship between these factors with in vitro digestibility (pepsin, trypsin, and α-chymotrypsin) was also presented and discussed.
MATERIALS AND METHODS

Procedures for Nanjing Dry-Cured Duck
Twenty-five male Cherry Valley ducks (lean-type, bodyweight 2,087 ±153 g) were slaughtered humanely and vacuum-sealed in a local poultry processing plant. Duck carcasses were stored on ice during transportation to the laboratory and then aged for 24 h before further using (65% relative humidity, 4
• C). The processing of Nanjing dry-cured duck was prepared according to the method published by Xu et al. (2008) with slight modifications. Firstly, duck carcasses were dry-cured for 12 h (salt content (80 g/kg of carcass weight), 65% relative humidity, 4
• C). Then the dry-cured ducks were marinated and piled in saturated salt solution (containing 1.5 g/kg gingers, 0.5 g/kg fennels, and 0.5 g/kg cinnamons) at 4
• C for 24 h. Finally, the marinated ducks were dry-ripened in a well-ventilated room for 15 d with constant temperature and humidity (55% relative humidity, 17
• C). Five duck breast muscles were collected at every processing point: raw meat (referred as T0), end of dry-curing (referred as T1), end of marinating (referred as T2), 5 d of drying-ripening (referred as T3), and 15 d of drying-ripening (referred as T4). Samples after removing visible subcutaneous fat and connective tissue were packaged with tinfoil and stored at −40
• C for analysis. All results were expressed as means of 5 replicates.
Isolation of Sarcoplasmic Proteins
Four grams of the sample were thawed at 4
• C and homogenized with 30 mL of platelet-rich buffer (PRB) (100 mM KCl, 2 mM MgCl 2 ·6H 2 O, 2 mM EDTA-2Na, 2 mM Na 4 P 2 O 7 , and 10 mM Maleate at pH 6.8) at 10,000 rpm for 30 s (homogenizing per 10 s with an interval of 15 s), and cooled in ice bath, using DY89-I high speed homogenizer (Scientz co., Ningbo, China). Then the homogenate was centrifuged at 2,000 × g for 10 min at 4
• C with a refrigerated centrifuge (Hunan Xiangyi, Laboratory Instrument Development Co., Changsha, China). The extraction was repeated twice. The supernatants were combined as sarcoplasmic proteins. The concentration of proteins was determined by BCA assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Determination of Carbonyl Content
Carbonyl content was detected using the method published by Sun et al. (2011b) with some modifications. Two aliquots of 1 mL sarcoplasmic proteins were adjusted to 5 mg/mL with PRB and then mixed with 250 μL of cold 50% (w/w) trichloroacetic acid (TCA). The precipitates were collected after centrifugation at 12,100 × g for 15 min at 4
• C and then washed twice with 3 mL of cold acetone. One of the precipitates was dissolved with 2 mL of 2 M HCl, and the other one was dissolved in an equal volume of 2 M HCl with 0.2% (w/v) 2,4-dinitrophenylhydrazine (DNPH). Both samples were incubated under agitation for 1 h at room temperature and then centrifuged at 4,000 × g for 10 min at 4
• C. The precipitates were washed with 2 mL of ethanol/ethyl acetate (1:1) for 3 times to eliminate free DNPH. Then they were dissolved in 3 mL of 6 M guanidine HCl with 20 mM sodium phosphate buffer (pH 6.5) and centrifuged at 4,000 × g for 10 min at 4
• C to remove insoluble solids. The carbonyl content was measured by detecting the content of incorporated DNPH in protein hydrazones using a M200 Reader (Tecan, Grödig, Austria) based on the absorption of 21.0 mM −1 cm −1 at 370 nm. The results were expressed as nanomoles of DNPH equivalents per milligram of protein.
Determination of SH and S-S Group Levels
The concentration of sarcoplasmic proteins was adjusted to 3 mg/mL with 15 mM Tris-HCl buffer. SH and S-S group levels were measured according to the method described by Cui et al. (2009) . To determine SH group level, 0.5 mL of sarcoplasmic proteins suspension was incubated with 2.5 mL Tris-Gly-8 M Urea and 0.02 mL of 4 mg/mL 5,5 -dithio-bis-2,2 -nitrobenzoic acid (DTNB) for 30 min (25 • C). The absorbance was measured at 412 nm (A 412 ) using a M200 Reader (Tecan, Grödig, Austria). The SH group level was expressed as follows:
where A 412 is the absorbance at 412 nm, D is the dilution coefficient (6.04), and C (mg/mL) is the protein concentration.
To determine S-S group level, 0.2 mL of sarcoplasmic proteins suspension was incubated with 1.0 mL of TrisGly-10 M Urea and 0.02 mL of mercaptoethanol for 1 h (25 • C). After mixing with 10 mL of 12% (w/v) trichloroacetic acid and stranding for 1 h, the samples were centrifuged at 3,000 × g for 10 min (25 • C). The resulting pellets were dissolved in 3 mL of Tris-Gly-8 M Urea and 0.03 mL of DTNB. The absorbance of samples was measured at 412 nm after incubation at 25
• C for 30 min. The S-S group level was expressed as follows:
where A 412 is the absorbance at 412 nm, D is the dilution coefficient (15), and C (mg/mL) is the protein concentration.
The solutions used in the assay were prepared using by Tris-Gly buffer (pH 8.0) :10.418 g of Tris (hydroxymethyl) aminomethane, 6.756 g of glycine, and 1.489 g of ethylenediamine tetraacetic acid (EDTA) were dissolved in distilled water to a final volume of 1,000 mL.
Determination of Surface Hydrophobicity
The surface hydrophobicity of sarcoplasmic proteins was determined according to our previous work (Lou et al., 2017) with minor modifications. The concentrations of samples were adjusted to 1 mg/mL with 50 mM Tris-HCl buffer containing 0.1 M KCl and 5 mM EDTA (pH 7.0). Then 10 μL of 8 mM1-anilino-8-napthalenesulfonate (ANS) in 0.1 M potassium phosphate buffer (pH 7.0) was added to 2 mL of sarcoplasmic proteins and incubated under agitation for 1 min. The control consisted of 10 μL of 8 mM ANS in 0.1 M potassium phosphate buffer (pH 7.0) and 2 mL of 50 mM Tris-HCl buffer containing 0.1 M KCl (pH 7.0). Samples and controls were kept in the dark at 37
• C for 10 min. Fluorescence intensity of the solutions was measured using a M200 Reader (Tecan, Grödig, Austria) at excitation and emission wavelengths of 370 and 470 nm, respectively.
Measurement of Particle Size
The particle sizes of sarcoplasmic proteins were measured according to the method of Sun et al. (2011c) using an integrated-laser light scattering instrument (Mastersizer 3000, Malvern, Worcestershire, UK). The data were analyzed using the Malvern Mastersizer software (version 5.12c, Malvern, Worcestershire, UK).
Circular Dichroism (CD) Spectroscopy
CD spectra were obtained using a Jasco J-1500 spectropolarimeter (Jasco, Tokyo, Japan). The protein solutions (0.1 mg/mL) in 10 mM phosphate buffer (pH 7.5) were analyzed at room temperature. Spectra at the far UV (190 to 250 nm) were obtained in a quartz cell with a 0.02-cm. Each spectrum was the average of 5 scans (scan rate of 50 nm/min, response time of 1 s, and bandwidth of 2 nm), and the buffer signal was subtracted. A mean residue weight of 110 g/mol was considered to estimate the mean residue ellipticity (θ) in deg/cm 2 /dmol. The secondary structural percentages of the samples were estimated from the far-UV CD spectra using the CONTIN/LL program in CDPro software.
In Vitro Digestibility
The assessment of protein digestibility was based on the method of Sante-Lhoutellier et al. (2007) with minor modifications. Sarcoplasmic proteins were washed twice with 33 mM glycine buffer (pH 1.8). The concentration of proteins was adjusted to 0.8 mg/mL with the buffer. Proteins were firstly digested with pepsin (10 U/mg proteins) for 1 h at 37
• C. Pepsin from porcine gastric mucosa (P7125) was purchased from Sigma Aldrich (USA). Then, 30% trichloroacetic acid (TCA) with the same volume was added to protein suspension at different reaction times (0, 10, 20, 30, 40 , and 60 min) to terminate the digestion. After centrifugation for 10 min at 4,000 × g, the absorbance of supernatant at 280 nm was recorded. The proteolysis rate was expressed by the optical density units per hour (ΔOD/h).
The non-soluble fraction after the hydrolysis of pepsin for 30 min was washed twice with 33 mM glycine buffer (pH 8.0). The concentration of fraction was adjusted to 0.8 mg/mL with the buffer. Sarcoplasmic proteins were subsequently hydrolyzed by trypsin andchymotrypsin (6.6 and 0.33 U/mg proteins) for 30 min at 37
• C. Trypsin from porcine pancreas (T7409) and α-Chymotrypsin from bovine pancreas (C4129) were purchased from Sigma Aldrich (USA). At different reaction times of 0, 5, 10, 20, and 30 min, 30% of TCA was added to stop the digestion. The rate of proteolysis was determined.
Statistical Analysis
The assays in the present study were performed in triplicate. The data on the carbonyl content, SH and S-S group levels, surface hydrophobicity, particle size, secondary structures levels, and the in vitro digestibility of sarcoplasmic proteins during processing were evaluated via the one-way analysis of variance procedure (Duncan's Multiple Range Test) of SAS 8.0 software (SAS Institute Inc., Cary, NC). The significance of difference was set as P < 0.05.
RESULTS AND DISCUSSION
Carbonyl Content of Sarcoplasmic Proteins
In Figure 1 , the initial value of carbonyl content was 1.43 nmol mg −1 protein, which was close to the value in the raw meat of Cantonese sausage (Sun et al., 2011a) and hake under native condition (Villamonte et al., 2016) but higher than that of gray mullet (Tokur and Polat, 2010) . Figure 1 showed that the carbonyl content increased significantly during dry-curing (T0→T1) and drying-ripening (T2→T4) stages (P < 0.05), which indicated that the sarcoplasmic proteins were oxidized abcd Different letters indicate that there is significant difference (P < 0.05).
during processing. Previous studies also reported that the generation of protein carbonyls in sarcoplasmic proteins was due to the processing (Rowe et al., 2004b; Sun et al., 2011a) .
The natural antioxidant protection of muscle generally remains active for a few days postmortem without any treatments (Filgueras et al., 2010) . Carbonyl groups of proteins are formed by the oxidation of amino acids with free oxygenated radicals generated by lipid peroxidation (Friguet, 2015) . Furthermore, iron element which released from heme and non-heme in its catalytic form could promote the formation of free radicals (Purchas et al., 2006) . Therefore, the increasing carbonyl content throughout the whole processing could be resulted from the loss of antioxidant protection, because the addition of salt with high concentration could induce cell rupture, leading to the release of oxidase and pro-oxidant. The exposure in the air during subsequent ripening provided an oxidative environment for proteins. In addition, dry-cured duck breast was rich in iron (Lorenzo et al., 2011) which could facilitate the formation of carbonyl groups. Reactions between protein and free oxygenated radical can lead to formation of amino acid derivatives and radicals, protein degradation and polymerization and aggregation (Santé-Lhoutellier et al., 2007) .
Analysis of SH and S-S Group Levels
As shown in Figure 2 , the SH and S-S group levels of sarcoplasmic proteins in raw meat were 50.11 and 12.01 μmol/g respectively. During dry-curing stage (T0→T1) and ripening stages (T2→T4), SH group level decreased, whereas S-S group level increased sharply (P < 0.05). Our results suggested that SH groups transformed into S-S groups during these stages.
The initial SH level in our study was closed to that of chicken proteins (Cui et al., 2009) abcd Different letters indicate that there is significant difference (P < 0.05).
SH to S-S groups might be due to the oxidation of accessible free thiol groups from cysteine residues located at the protein surface (Sun et al., 2011b) . A low content of total sulfhydryl usually accompanied with a high degree of protein oxidation (Xiong et al., 2009) . This was agreed with our results of carbonyl groups. Oxidation produced inter-molecular and intra-molecular disulfide bonds which may be further oxidized to form sulfonic acids or other oxidation products inducing aggregation of proteins (Wang et al., 2016) . In our results, procedures of dry-curing and drying-ripening could change the tertiary structure of proteins. Even if the degree of thiol oxidation was low, the increase of S-S groups had a potential important effect on protein aggregation (Santé-Lhoutellier et al., 2008 ).
Analysis of Surface Hydrophobicity
As presented in Figure 3 , the surface hydrophobicity of sarcoplasmic proteins increased significantly from marinating to the early ripening stage (T1→T3) but decreased at the final phase of processing (T3→T4). Compared to that of the raw meat, the hydrophobicity of processed proteins increased remarkably (P < 0.05), which was owing to the unfolding of proteins and the exposure of buried non-polar amino acids (Chelh et al., 2006) .
Oxidation can alter the secondary and tertiary structures of proteins, leading to changes in physical properties of proteins, such as hydrophobicity (Santé-Lhoutellier et al., 2007) . In addition, Melander and Horváth (1977) found that surface hydrophobicity of proteins could be enhanced by salt pervasion. Therefore, it was reasonable to speculate that procedures with high salt concentration could increase hydrophobicity.
According to the work of Grune et al. (2004) , further oxidation facilitated protein denaturation with subsequent aggregation, which decreased surface hydrophobicity. The tendency of SH and S-S group level in this study indicated protein aggregation. In conclusion, the increase of surface hydrophobicity could be attributed to the oxidation and salt pervasion. Aggregation of proteins played an antagonistic role in hydrophobicity during the late ripening stage.
Particle Size
There were significant changes in particle size of sarcoplasmic proteins during processing. Compared to that of the raw, particle size of the product at the end of the processing decreased significantly (P < 0.05). As shown in Table 1 , the values of D 3,2 , D x(10) , and D x(90) obtained at T0 were 9.35, 6.84, and 104.4 μm, respectively. They decreased gradually from the initial to the early dry-ripening stage (T0→T3) and increased at the final phase of processing (T3→T4). The changes in D 4,3 and D x(50) were similar to D 3,2 , D x(10) , and D x(90) but keeping stable at dry-curing stage (T0→T1).
The decrease of these parameters at the first stage indicated the formation of intermolecular crosslinks and protein aggregates. During the stages of salting and drying, oxidation and aggregation of proteins made molecular structure shrink (Promeyrat et al., 2010) . According to Wang (2005) , chemical transformation can lead to direct or indirect protein aggregation, such as disulphide bond formation and exchange, non-disulphide crosslinking, transamidation and oxidation. Disulphide bond formation was probably the most primary pathway of chemically induced protein aggregation in our study. Complicated oxidation reactions modify the primary sequence of a protein and may indirectly cause protein aggregation. Furthermore, hydrophobic forces between proteins enhanced the aggregation process (Sun et al., 2011c) . The results of surface hydrophobicity confirmed this process. On the other hand, the aggregated structure may also be linear up to micronscale, which may in turn form super-structures like bun- dles (Bolder et al., 2007) . Hence, particle size increased during the last phase of processing.
Far-UV CD Spectroscopy
The secondary structure compositions (including α-helix, β-strand, turns and random coil) of sarcoplasmic proteins at different processing periods were evaluated and displayed in Figure 4 . During the whole processing, the relative content of β-sheet and random coil increased from 17.58 and 25.61 to 36.89% and 29.43% (P < 0.05), respectively, whereas α-helix declined from 35.16 to 13.18% (P < 0.05). The level of β-turns remained stable during processing. The above analysis indicated that the myofibrillar proteins denatured during the whole processing and that α-helix fractions turned into β-sheet and random coil fractions.
Generally, hydrogen bonds between the amino hydrogen and carbonyl oxygen played a critical role to maintain α-helix structure (Liu et al., 2008) . The exposure of hydrophobic groups led to the reduce of intramolecular hydrogen bonds, thereby resulting in the decrease of α-helix (Sun et al., 2011a) . The increasing β-sheet content was owing to proteins aggregation (Herrero, 2008) caused by S-S groups and hydrophobic interactions. As a result, the pronounced changes of secondary structures were closely associated with the S-S group and surface hydrophobicity levels of proteins.
In Vitro Digestibility
It was utilized widely as an easy and acceptable tool to evaluate bioavailability of dietary proteins (Hur et al., 2011) , regardless of that the in vitro digestion model inevitably failed to match the accuracy due to the highly complex condition in human digestive tracts. abcd Different letters indicate that there is significant difference (P < 0.05).
The in vitro digestibility of sarcoplasmic proteins in Nanjing dry-cured duck during processing was illustrated in Figure 5 . For gastric pepsin ( Figure 5A ), rate of proteolysis at initial stage was 0.058 ΔOD/h which then decreased by 31.1% in the marinating stage (T1→T2) and decreased continuously in the ripening stage (T2→T4). For pancreatic proteases (trypsin and α-chymotrypsin) ( Figure 5B), the rate of proteolysis at initial stage was 0.048 ΔOD/h and kept stable in the former stage (T0→T3) then decreased by 35.4% in the late ripening stage (T3→T4). The analysis of in vitro digestibility revealed that the proteolysis rate of pepsin and pancreatic proteases decreased after the whole processing. Moreover, the proteolysis of sarcoplasmic proteins to gastric pepsin was more susceptive than that to pancreatic proteases.
The decline of in vitro digestibility throughout the processing was an undesirable result. According to Liu and Xiong (2000) , oxidation decreased the susceptibility of myosin to gastric pepsin, pancreatic trypsin, and chymotrypsin under non-reducing conditions. Intensive oxidation led to the modification of the recognition sites for proteases, thereby decreasing the proteolysis rate (Berlett and Stadtman, 1997) . The increasing carbonyl content and S-S group level indicated the intensive oxidation. In addition, the formation of S-S groups and hydrophobic interactions induced the aggregation of proteins, thus burying recognition sites (Sun et al., 2011a) . Results from secondary structure of sarcoplasmic proteins (Figure 4 ) confirmed these recognition sites changes. Accumulation of carbonyl groups could also accelerate the aggregation, because carbonyl groups reacted with non-oxidizing amino groups of proteins (Sante-Lhoutellier et al., 2007) . The inhibition of proteolysis might also be a consequence of the formation of some oxidized lipid/amino acid reaction products. They could contribute to the denaturation and polymerization of proteins. In some cases, they are also inhibitors of specific proteases. We concluded that the reduction of in vitro digestibility was related to the intensive oxidation and protein aggregation.
Gastric pepsin is most efficient in cleaving peptide bonds between hydrophobic and aromatic amino acids, such as phenylalanine, tryptophan, and tyrosine, whereas pancreatic trypsin is special for the Cterminal side of lysine and arginine residues; pancreatic α-chymotrypsin is special for the N-terminal side of phenylalanine, tryptophan, and tyrosine (Sun et al., 2011c) . Based on the differences of cleaving sites between pepsin and pancreatic proteases, proteolysis rate changes of them during processing were different. Moreover, during the digestive process, gastric and pancreatic proteases act in a sequential manner. Consequently, not only sarcoplasmic proteins structural changed but also degradation by pepsin would influence proteolysis by pancreatic trypsin and a-chymotrypsin.
CONCLUSIONS
Salting, drying, and protein oxidation implicated the aggregation and secondary structure changes during processing. The aggregation of sarcoplasmic proteins of Nanjing dry-cured duck resulted in a loss of nutritional quality. To reduce the level of protein oxidation and to preserve the nutritional quality of meat products, application of new processes or improvement of existing processes should be taken into good consideration. Further work will be carried out to protect protein against oxidation during Nanjing dry-cured duck.
